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Abstract. The work is concerned with assessing the health status of trees of the Norway spruce
species using airborne hyperspectral (HS) data (HyMap). The study was conducted in the Soko-
lov basin in the western part of the Czech Republic. First, statistics were employed to assess and
validate diverse empirical models based on spectral information using the ground truth data
(biochemically determined chlorophyll content). The model attaining the greatest accuracy
(D718∕D704∶RMSE ¼ 0.2055 mg∕g, R2 ¼ 0.9370) was selected to produce a map of foliar
chlorophyll concentrations (Cab). The Cab values retrieved from the HS data were tested together
with other nonquantitative vegetation indicators derived from the HyMap image reflectance to
create a statistical method allowing assessment of the condition of Norway spruce. As a result,
we integrated the following HyMap derived parameters (Cab, REP, and SIPI) to assess the subtle
changes in physiological status of the macroscopically undamaged foliage of Norway spruce
within the four studied test sites. Our classification results and the previously published studies
dealing with assessing the condition of Norway spruce using chlorophyll contents are in a good
agreement and indicate that this method is potentially useful for general applicability after
further testing and validation. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.JRS.6.063545]
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1 Introduction

Forests play an important role in regulation of the global climate via the global carbon cycle,
evapotranspiration, and earth surface albedo.1,2 Moreover, forests provide humans with the
whole range of ecosystem services including provision of food and forest products, regulation
of the hydrological cycle, protection of soil resources, etc.3 Forest health and ecosystem func-
tioning have recently been influenced by anthropogenic activities and their consequences, such
as air pollution, surface mining, heavy metal contamination,4 and other biotic and abiotic stress
factors such as pest invasions and soil acidification,5 which had an especially high effect on
central Europe. Therefore, large-scale monitoring of forest health and its methodologies are
in the forefront of interest to scientists as well as forest managers. The condition of forests in

0091-3286/2012/$25.00 © 2012 SPIE

Journal of Applied Remote Sensing 063545-1 Vol. 6, 2012

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 04/18/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

http://dx.doi.org/10.1117/1.JRS.6.063545
http://dx.doi.org/10.1117/1.JRS.6.063545
http://dx.doi.org/10.1117/1.JRS.6.063545
http://dx.doi.org/10.1117/1.JRS.6.063545
http://dx.doi.org/10.1117/1.JRS.6.063545


Europe is monitored under the International Co-operative Program on Assessment and Monitoring
of Air Pollution Effects on Forests (ICP Forests).6 The monitoring consists of two levels: mon-
itoring Level I provides an annual overview of crown condition (defoliation, discoloration, and
damage visible on the trees), soil conditions, and foliar survey (contents of nutrients in soil and
foliage);7 monitoring Level II consists of 11 additional assessments (e.g., tree growth, phenology,
litterfall, and others, see http://icp-forests.net/page/level-ii), which provide a better insight into the
causes affecting the condition of forest ecosystems and into the effects of various stress factors. Our
study aims to contribute to improving regional methods for Level II assessments, as both surveys—
remote sensing and foliar chemistry—should be included in the overall evaluation.8

Biochemical parameters, such as foliage leaf pigments,9 nitrogen, lignin, and contents of
other polyphenols,10 reflect and determine physiological processes in plants, such as photosyn-
thetic capacity and net primary production. On the other hand, foliar chemistry also governs
other processes in the ecosystem, such as nutrient cycling and litter decomposition.11 Therefore
accurate estimation of the biochemical contents of vegetation is a key factor in understanding
and modeling forest ecosystem functions and dynamics. The chlorophyll content is an indicator
of leaf photosynthetic activity and can be directly linked to the phenology and health status of
plants.12 Leaf chlorophyll content can be used to detect actual vegetation stress; however, as
shown by Ref. 12, the chlorophyll content retrieved from Proba/CHRIS images differs according
to the canopy and the leaf architecture of the examined crops. Therefore, at the canopy level, the
leaf area index (LAI) and also canopy architecture should be taken into account for a particular
canopy. Furthermore, chlorophyll can be used to measure vegetation stress, life stage, produc-
tivity, and CO2 sequestration. Remote sensing of the chlorophyll content has been studied
extensively on both the leaf13,14 and the canopy scales.15–18

Many aspects of the physiological state of trees are more or less connected with the
concentrations of two main groups of leaf photosynthetic pigments: chlorophylls and carote-
noids. Vegetation with a high concentration of chlorophyll is considered to be healthy, as
the chlorophyll content is linked to greater light-use efficiency, photosynthetic activity, and car-
bon dioxide uptake.19–21 Chlorophyll generally decreases under stress and during senescence.20

Carotenoids play the main role in the process of incident light absorption, transportation of
energy to the reaction center of the photosystems, and heat dissipation of energy in case of
high irradiances.22 The combination of the influences of chlorophylls and carotenoids is thus
connected with light-use efficiency.23 However, higher carotenoid to chlorophyll ratios indicate
vegetation stress and senescence.22,24

Canopy reflectance depends not only on leaf chemistry but also on vegetation type and function
and canopy structure and composition.16,25 To obtain a spatially explicit vegetation biochemical
content, it is necessary to scale leaf-level biochemical measurement to canopy level. Increasing
availability of airborne and spaceborne hyperspectral data has enabled the development of accurate
methods for scaling of biochemical properties from the leaf to the canopy scale.26,27

Currently, there are three remote-sensing approaches used to scale biochemical content from
the leaf to the canopy level: (i) the direct extrapolation method, (ii) the canopy-integrated
method, and (iii) physical models.10,28,29 The direct extrapolation and canopy-integration
methods rely on statistical analyses to establish a relationship between the targeted biochemical
parameter and a spectral parameter (e.g., spectral indices, derivatives).30,31 The direct extrapola-
tion method (the simplest) is based on the assumptions that all the leaves in the plant have the
same biochemical content and only a fine layer of the leaves covers an entire pixel in an image.
The relationships between the spectral parameter and the biochemical content are applied
directly. Using the canopy-integrated method, the biochemical content is obtained by multi-
plying the leaf content by the corresponding canopy biophysical parameter (e.g., LAI or
biomass15,29,32). In addition, new spectral indices taking into account species heterogeneity
and non-green canopy components were developed and further tested.15 Physical methods
employ inverted radiative transfer (RT) models (e.g., PROSPECT,29 LEAFMOD,28 SAIL,33

SCOPE34) to estimate the biochemical content at the leaf level.35 RT modeling simulates the
transfer of radiation in the canopy by computing the interaction between a plant and solar radia-
tion.36–38 In comparison with the direct extrapolation and the canopy-integrated approaches,
inversion models offer the potential of a more generic approach to quantify the biochemical
parameters of vegetation based on spectral data.

Mišurec, Kopačková et al.: Utilization of hyperspectral image optical indices : : :

Journal of Applied Remote Sensing 063545-2 Vol. 6, 2012

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 04/18/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

http://icp-forests.net/page/level-ii
http://icp-forests.net/page/level-ii


The main goal of the study was retrieval of the chlorophyll content and development of a
statistical classification method allowing objective assessment of the physiological status of
macroscopically undamaged foliage on a regional scale. To simplify the problem, we focused
on single-species (Norway spruce) homogenous forests of a similar age and tested only the direct
extrapolation and canopy-integrated methods. We did not test physical models at this stage as the
computation remains time-consuming and can suffer from ill-posed problems or can lead to a
bias in the retrieved biophysical parameters.39,40

In the Sokolov area, NW Bohemia, we selected four homogenously covered Norway spruce
(Picea abies L. Karst) forest stands with trees of similar ages (40 to 60 years) exhibiting no
visible symptoms of damage. Although these forests are situated near lignite open-pit mines,
they have not been directly affected by intensive mining activities or by the massive air pollution
and acid rains in the late 1990s, which were factors in the Krušné Hory Mountains, part of the
heavily polluted Black Triangle region. Since 1996, the atmospheric concentrations of SO2 in
Sokolov area have not exceeded 30 μg:m−3 and since 2000 have not exceeded 15 μg:m−3 on
average (data available at Czech Hydrometeorological Institute41).

Statistics were employed to analyze the relationship between diverse vegetation indices and
other types of spectral transformations [e.g., first derivatives, continuum removal (CR), and band-
depth normalizations] and the ground truth data for the foliage sampled in stands of Norway
spruce. These diverse approaches were validated, and, as a result, a map of foliar chlorophyll
concentrations (Cab) was derived. The Cab values, together with another three optical parameters
[the position of the inflection point on the spectral curve in the red-edge part of the spectrum
(REP),42 the photochemical reflectance index,43 and the Structure Insensitive Pigment Index
(SIPI)44], were then used to assess the actual health status of the Norway spruce forests.

2 Study Sites

The study was conducted in the Sokolov basin in the western part of the Czech Republic, in a
region affected by long-term extensive mining (Fig. 1). The Sokolov basin in the Czech Republic
is composed of rocks of Oligocene to Miocene age and is 8 to 9 km wide and up to 36 km long,
with a total area of about 200 km2. It contains 60% volcanic ejecta originating from fissures and
volcanic cones and 40% sediments.45 The average altitude of the study region is about 470 m.
Due to the fact that the basin is surrounded by the Krušné Hory Mountains, precipitation is above
the average for the Czech Republic, and the local climate in the region belongs among the more
extreme conditions, characterized by colder and wetter conditions.

The selected forest stands surround the lignite open pit mines in Sokolov but have not been
directly affected by the mining activities. However, the soil in all of the stands exhibits low pH
and high heavy metal content. We selected four research sites dominated by mature Norway
spruce forests of similar age (Table 1; Erika, Habartov, and Studenec: 40 to 60 years; Mezihorská:
60 to 80 years). The stands were located at a maximum distance of 12 km from the active lignite
open pit mines (Fig. 1, Table 1). None of the selected sites showed any severe symptoms of
macroscopic damage, and they were all classified as damage class 1 with total crown defoliation
not exceeding 25% and average needle retention of 8 to 10 needle age classes.

In relation to soil conditions, we assume that our four study sites are good representatives of
the spruce forests in the region. The pH of the study sites (2.53 to 3.31) is slightly below the
average for the Czech Republic (3.2) but in accordance with local conditions (3.0).46 In addition
to Norway spruce monocultures, mixed spruce forests (with birch or pine) are characteristic of
the region. We selected study sites considering the spatial resolution of the HyMap sensor
(5 × 5 m), and thus homogeneity of spruce canopy was the main criterion for site selection.

3 Data

3.1 Ground Truth Data

The source for ground truth data was foliage sampled in the Norway spruce stands. The samples
of Norway spruce needles were collected in each forest stand during the ground campaign
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(August 27 to 30, 2009) to define statistical regression models for estimation of canopy
chlorophyll content and to validate the obtained statistical models.

At each of the four test sites, 10 to 15 representative trees were selected in clearly definable
groups of five (Erika: two groups A and B; Habartov: three groups C, D, and E; Mezihorská:
three groups F, G, and H; and Studenec: two groups I and J). Sample branches were taken from
the upper and middle portion of the sunlit canopy; the needles age classes were identified, and
representative samples of the first- and third-year needles were collected. Two sample sets of the
needles were generated: one for pigment determinations and one for dry matter determinations.
Each set contained 200 samples (50 trees × two positions in the crown × two age classes (first-
and third-year needles).

Photosynthetic pigments (e. g. chlorophyll a, b, and total carotenoids) were extracted
following the procedure outlined by Ref. 47. The amounts of photosynthetic pigments were
determined spectrophotometrically, using equations published by Ref. 48.

In each forest stand, five representative sampling points were chosen to collect soil samples.
Material was collected from four soil horizons (two organic and two lithological horizons, the

Fig. 1 Scheme of the Sokolov lignite basin with the four selected forest stands covered by
homogenous Norway spruce (Picea abies L. Karst.) forests: Erika, Habartov, Mezihorská, and
Studenec.

Table 1 Norway spruce test sites and their basic characteristics.

Site Latitude (N) Longitude (E )
Elevation (meters
above sea level)

Forest age
(years)

Distance from the
open-pit mines (km)

Erika 50 deg 12’25” 12 deg 36’17” 495 40 to 60 6.4

Habartov 50 deg 09’48” 12 deg 33’28” 477 40 to 60 11.2

Mezihorská 50 deg 15’50” 12 deg 38’17” 678 60 to 80 5.8

Studenec 50 deg 14’09” 12 deg 33’00” 722 40 to 60 8.5
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depth of forest floor ranged between 0 and 40 cm). The four horizons have the following char-
acteristics: horizon 1: organic horizon (largely undecomposed); horizon 2: organic horizon
(poorly decomposed); horizon 3: mineral, mixed with humus, usually darkened; horizon
4: zone of maximum eluviation of clays and iron and aluminum oxides. The organic material
was dried in the air prior to sieving (fraction <2 mm). Ground sub-samples were analyzed
for total organic carbon and nitrogen (Perkin Elmer CHN analyzer). In addition, the pH was
determined in the laboratory using an ion-selective electrode in 1M KCl solution.

3.2 High Spectral Resolution Data

3.2.1 HyMap airborne hyperspectral data

The hyperspectral image data was acquired on July 27, 2009, during the HyEUROPE 2009 flight
campaign using the HyMap (HyVista Corp., Australia) airborne imaging spectrometer. The
HyMap sensor records image data in 126 narrow spectral bands (with full-width half maximum
ca. 15 nm) covering the entire spectral interval between 450 to 2500 nm. The resulting ground
pixel resolution of the image data was 5 m. To cover the entire area of interest (approx.
15 × 22 km), nine cloudless flight lines were acquired in the NE-SW direction.

3.2.2 Supportive ground measurements

In order to successfully pre-process the hyperspectral data, a supportive calibration and valida-
tion ground campaign were organized simultaneously with the HyMap data acquisition. The
ground measurements are essential to properly calibrate as well as validate the image data
and to enable: (i) atmospheric correction of the airborne hyperspectral images and (ii) retrieving
at surface reflectance values for the further verification. The study area was investigated in
advance to find the reference targets, which must meet the following conditions: (i) spatial homo-
geneity for a minimum area of 5 × 5 image pixels and (ii) natural or artificial nearly Lambertian
ground surfaces. Consequently, six appropriate targets with different values of the surface reflec-
tance were chosen, covering the range of reflectivity from ca. 0 up to 70% (water pool, artificial
grass, two asphalt plots, concrete, and beach-volleyball court). The hemispherical-conical reflec-
tance factor (HCRF)49 was measured by an ASD FielSpec-3 spectroradiometer for each refer-
ence target. Raw spectroradiometric data were transformed into the HCRF using the calibrated
white spectralon panel.

In addition, Microtops II Sunphotometer (Solar Light Comp., USA) measurements
were taken approximately every 30 s during the HyMap data acquisition. These data was
used for estimation of the actual atmospheric conditions (aerosol optical thickness; water
vapor content).

3.2.3 Hyperspectral image data pre-processing

The HyMap multiple flight-line data were atmospherically corrected using software (SW) pack-
age ATCOR-4 version 5.0,50 which is based on the MODTRAN51 radiative transfer model and
enables atmospheric correction of the aerial hyperspectral images. The known reflectances of
the specific reference target as well as of WV were utilized for fine-tuning of the model, as
facilitated by ATCOR-4. The remaining reference targets were used for validation of the
corrected image.

The orientation and geometry of the HyMap strips followed the SW-NE orientation of the
lignite basin. However, this setting represented an optimal solution from the economic point
of view; on the other hand, this setting (relative solar azimuth at the acquisition hour was
about 73 deg) caused that the data suffered from strong cross-track illumination and bi-directional
reflectance distribution function effects.52,53 Therefore, in addition to the atmospheric correction,
the data had to be further processed to minimize these effects, and semi-empirical nadir normal-
ization using the kernel-based Ross-Li model54 was performed for all the flight lines.

Direct ortho-georectification was performed using the PARGE software package.55 Data
from the on-board inertial measurement unit/global positioning system unit and digital elevation
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model with ground resolution of 10 m were used as the input parameters for the ortho-
georectification. Finally, the hyperspectral image data was georeferenced to the UTM 33N
(WGS-84) coordinate system. To assess the final accuracy the ortho-rectified HyMap, the pro-
duct was compared to the very high spatial resolution aerial orthophotos (pixel size ¼ 0.5 m)
and a resulting standard positional accuracy of 3.7 m was defined.

Finally, we assessed the radiometric quality of each flight line by calculating the signal-to-
noise ratios (SNR).56 To calculate this parameter, a dark and homogenous surface (deep clean
water body) was identified for each flight line and set as a region of interest (ROI). Subsequently,
the ratio of the mean radiance and the standard deviation were calculated for each ROI (Table 2).
In addition, we employed the minimum noise fraction transformation57 to assess the level of
noise present in each flight line image (Fig. 2). Based on this assessment, we could see that
two flight lines (8 and 9) had significantly lower radiometric quality and high amounts of
noise, especially flight line number 9 (Table 2), (Fig. 2).

4 Methods

The general workflow of the completed research is outlined in Fig. 3. Cab was determined by
testing numerous empirical models utilizing the original (nontransformed) reflectance data as
well as its transformed products (see 4.3). Initially we defined the extent of the Norway spruce
forests to which the further computation was applied. To create and validate the empirical mod-
els, we divided our ground truth data into training and validation datasets. The relationship
between the predicted and measured values was described by the linear regression model
and the coefficient of determination (R2 and Rv2) and root mean square errors (RMSE) were
determined. To assess the vegetation health status, we also tested the following indicators: the
red-edge part of spectrum (REP),42 photosynthetic reflectance index,43 and structure insensitive
pigment index (SIPI).44

4.1 Definition of the Norway Spruce Forest Extends

We focused on homogenous Norway spruce forests, and it was thus necessary to mask out other
surfaces. We used a hierarchical classification approach, which we found more efficient than
simple supervised classification (Fig. 4). First we identified vegetated and non-vegetated
areas using simple threshold classification of the red-edge normalized difference index
(NDVI705 ¼ 0.3).58 The vegetated surfaces were then classified into grasslands and forest
areas using the maximum likelihood classification (MLC) applied to the first five components,

Table 2 Image-derived signal-to-noise ratios (SNR) calculated for the chlorophyll absorption
domain bands.

Line SNR(646 nm) SNR(660 nm) SNR(675 nm) SNR(690 nm) SNR(704 nm) SNR(718 nm)

1 46.61 47.50 49.77 43.19 52.98 55.67

2 37.14 33.89 34.17 30.21 28.57 24.55

3 55.01 50.30 47.76 61.63 55.29 48.38

4 36.07 35.57 36.91 34.46 36.26 38.28

5 23.90 24.57 25.34 22.91 23.77 23.89

6 38.15 35.31 36.62 44.82 53.16 40.37

7 49.98 40.20 41.47 36.82 33.42 29.52

8 19.25 19.27 19.09 19.08 20.50 21.83

9 22.03 21.03 19.76 19.46 16.69 16.69
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the results from the MNF transformation of the HyMap data. The forests were subsequently
divided into coniferous and deciduous by applying the MLC method to the selected spectral
ratios (R742∕R558, R1062∕R558, R1652∕R558, R2192∕R558).

To classify exclusively the Norway spruce forests, the MNF transformation and MLC were
then applied again, this time only to the HyMap reflectance pixels that were previously identified
as coniferous. Finally, the resultant classification was filtered using a sieve filter to remove very
small clumps of pixels. The derived Norway spruce forest mask was then used for all the
following calculations and transformations applied to the HyMap data.

4.2 Statistical Background

Although the positions of all the trees in each group were measured by a FieldMap laser ran-
gefinder, it was not possible to distinguish individual tree crowns within the HyMap image data
due to the relatively low spatial resolution (5 m). This issue needed to be resolved prior to the
empirical modeling as an image pixel value could not be associated with the corresponding
ground truth data value. Therefore we defined 10 tree groups as the least circumscribed rectangle
defined by a cluster of trees (ROI) (Fig. 5). Then the average ground truth value (the average
laboratory chlorophyll content calculated for each tree group) could be directly compared with
the average pixel value falling within the defined group (ROI).

Fig. 2 Upper: The first MNF component of the studied localities, the high amount of noise is visible
particularly for flight line No. 9. Bottom: MNF Eigenvalues calculated for the whole flight line
images—flight lines numbers 05 and 09. They also show that flight line No. 9 suffers from
significantly higher noise levels.
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Basic statistics for each group defined in the following order (Erika: 2 groups A and B;
Habartov: 3 groups C, D, and E; Mezihorská: 3 groups F, G, and H; Studenec: 2 groups, I and
J, were calculated (Table 3) to ensure the proper definition of training and validation datasets.
Studying the data variability within each group and spatial variability within each site, we
defined the following two datasets required for further statistical treatment:

• The training dataset that was used to define the regression models: groups A, C, D, F, G,
and I.

• The validation dataset that was used to validate the obtained models for Cab: groups B, E,
H, and J.

4.3 Retrieval of the Chlorophyll Content

For the further empirical modeling of chlorophyll content (Cab), we used the spectral transfor-
mations as follows:

• Vegetation indices.
• Stepwise multiple regression (SMR) models.

Fig. 3 Data processing workflow.
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• Ratio indices derived from the first-derivative spectra.
• Normalized reflectance models.

4.3.1 Vegetation indices

The vegetation indices models are based on the simple linear relationship between the chlor-
ophyll content concentration and the vegetation index. The first group of vegetation indices
is based on the (normalized) ratios of a few selected bands. We selected the NDVI705

58 and
a simple ratio Vogelmann red-edge index (VOG).59

Furthermore, we calculated the position of the inflection point of the spectral reflectance
curve in red-edge part of the spectra red-edge position (REP)42 as it allows assessing the

Fig. 4 HyMap data classification workflow. MNF-minimum noise fraction, MLC-maximum likeli-
hood classifier.

Fig. 5 Examples of the defined ROIs.
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shape of the spectral curve in chlorophyll absorption in the red-edge domain. The calculated point
separates the convex and concave parts of the spectral curve (in the red-edge part of the spectrum)
and lies on the part with the maximum slope. Therefore it also identifies a point where the first
derivative of the spectrum exhibits a maximum. To calculate the position of the red-edge inflection
point, we used the four-point interpolation technique described in Ref. 60.

Besides the well-known indices, we tested a new index “chlorophyll absorption depth normal-
ized area under curve between 543 and 760 nm (CADAC543–760)” to retrieve the chlorophyll con-
tent of the Norway spruce based on similar principles as the ANMB650–725 index.61

The CADAC543–760 index also utilizes the continuum-removed spectrum and is defined as the
area under the reflectance curve between 543 and 760 nm, while each band within this interval
is normalized to the maximum depth of the chlorophyll absorption feature (at 675 nm) (Fig. 6):

CADAC543–760 ¼ 0.5 ·
Xn−1
j¼1

ðλjþ1 − λjÞ ·
�
BDjþ1

BD675

þ BDj

BD675

�
(1)

where: λj : : : λn−1 refers to the central wavelength between 543 to 760 nm and BDj : : :BDn−1 is
the band depth (BD) of continuum removed reflectance.

4.3.2 Stepwise multiple regression models

In addition to the vegetation indices, we tested two multivariate approaches that utilize the bands
between 543 to 760 nm to estimate the chlorophyll content.62 We used SMR63 to construct a
model defining a relationship between the chlorophyll content and (i) spectral derivatives: the
first derivatives of the image spectra between 543 and 760 nm, (ii) BD normalization: the con-
tinuum-removal transformation64 was applied to the spectrum between 543 and 760 nm, and then
the BD of each spectral band was divided by the depth maximum of the chlorophyll absorption
(675 nm for the HyMap data).

4.3.3 Ratio indices derived from the first-derivative spectra

We used two spectral derivative indices based on the ratios of the transformed (first derivation)
reflectance D718∕D704 and D718∕D747.

65

Table 3 Description statistics of the laboratory chlorophyll content values.

Group Locality Use
Cab (min)
[mg∕g]

Cab (max)
[mg∕g]

Cab (mean)
[mg∕g]

Cab (std)
[mg∕g]

A Erika calibration 1.7260 3.4439 2.7146 0.6251

C Habartov calibration 2.1862 3.5375 2.8805 0.4930

D Habartov calibration 2.0755 3.1775 2.6008 0.3646

F Mezihorská calibration 1.8657 2.3356 2.1417 0.1699

G Mezihorská calibration 1.6008 2.3668 2.0292 0.2780

I Studenec calibration 2.3670 3.2668 2.9070 0.3121

calibration (the whole dataset) 1.6008 3.5375 2.5456 0.5373

B Erika validation 2.0485 3.3826 2.5832 0.4995

E Habartov validation 1.8710 2.9022 2.1765 0.3738

H Mezihorská validation 1.5004 2.7110 2.3043 0.4260

J Studenec validation 2.6293 3.2483 2.8959 0.2321

validation (the whole dataset) 1.5004 3.3826 2.4899 0.4949
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4.3.4 Normalized reflectance models

Another tested approach was based on the normalization of the reflectance to the reflectance
minimum at 675 nm (maximal absorption of the chlorophyll) and to the reflectance maximum
at 744 nm.65

4.4 Statistical Assessment of the Relationship Between the Canopy Chlorophyll
Content and the Spectral Indices Calculated from the HyMap Data

To test if there is a linear relationship between the chlorophyll content determined in the labora-
tory for the collected needle samples and the spectral indices derived from the HyMap data,
we calculated Pearson’s correlation coefficient (see Sec. 5.1) using the training dataset of
the group trees (A, C, D, F, G and I). All the independent variables (see 4.3) as well as the
dependent variable (laboratory chlorophyll content, Cab) have passed the Shapiro-Wilk normal-
ity test66 (p-value > 0.05) and proved to have normal distributions (Table 4).

After the normal distribution of all the variables was demonstrated, we could test whether
the value of the correlation coefficient was large enough to reject the zero-value hypothesis
stating the correlation coefficient is equal to 0. By rejecting this hypothesis, we demonstrated
that the spectral indicators and the chlorophyll content are not independent. The confidence
level was set at 98.5%. Following the statistical testing described above, the linear regres-
sion models were then applied to the spectral indices data to predict the canopy chlorophyll
content.

Using the training dataset (tree groups A, C, D, F, G, and I), the coefficient of determination
(R2) between each spectral index and the Cab content was calculated (Table 5), describing the
amount of data variability explained. The validation dataset (tree groups B, E, H, and J) was then
used to validate the accuracy and consistency of the chlorophyll prediction models by calculating
the RMSE and coefficients of determination of predicted versus measured Cab values (Rv2)
(Table 6).

4.5 Vegetation Health Status Classification Method

The main aim of the study was to develop a statistical method allowing qualitative classification
of the forest stands based on their health status. We selected four indicators of vegetation health
that are based on the plant/forest spectral property:

1. Total canopy chlorophyll content (Cab) (D718∕D704)
65

2. Position of the inflection point of the spectral curve in the red-edge part of spectrum
(REP)42

3. Photosynthetic reflectance index (PRI)43

4. Structure insensitive pigment index (SIPI)44

Fig. 6 Chlorophyll absorption and depth normalized area under the curve between 543 to 760 nm
(CADAC543–760).
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Table 4 Results of the Shapiro-Wilk normality test for chlorophyll content (Cab) values (laboratory
determined) and the spectral transformation image products (p-value—significance;W—Shapiro-
Wilk test statistic).

Variable p-value W

Cab 0.1862 0.8936

NDVI705 0.4348 0.9287

VOG 0.4745 0.9327

REP 0.1667 0.8893

CADAC543–760 0.3900 0.9238

SMR spectral derivative model 0.7879 0.8992

Continuum removal BD normalization model 0.1877 0.8939

D718∕D701 0.6273 0.9465

D718∕D747 0.7430 0.9563

N690 0.0599 0.8512

N704 0.2197 0.9001

N718 0.2393 0.9035

N733 0.5920 0.9435

Table 5 Training dataset: Pearson’s correlation coefficient (r xy ), coefficient of determination (R2)
and the t-test results.

Spectral indicator r xy (Pearson) Critical value (α ¼ 0.05) t R2

NDVI705 0.8517 2.776 3.2509 0.7254

VOG 0.9085 2.776 4.3494 0.8255

REP 0.9397 2.776 5.4932 0.8830

CADAC543–760 0.8899 2.776 3.9026 0.7920

SMR spectral
derivative modela

(D632, D661, D544)

−0.9225 X X 0.99998
−0.6931
0.2558

Continuum removal BD
normalization model
(RCRnorm705)

0.9398 2.776 5.5003 0.8831

D718∕D704 0.9555 2.776 6.4782 0.9131

D718∕D747 −0.8807 2.776 3.7186 0.7756

N690 −0.9013 2.776 4.1612 0.8124

N704 −0.9306 2.776 5.0847 0.8660

N718 −0.9563 2.776 6.5413 0.9146

N733 −0.8914 2.776 3.9337 0.7946

apartial correlation coefficients between canopy chlorophyll content and each variable of the multivariate
regressions.
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The canopy chlorophyll content was estimated using the empirical model that yielded the best
results after the validation (see Results, part 5.1).

The amount of green biomass and canopy chlorophyll content primarily determine the posi-
tion of the inflection point of the spectral curve in the red-edge region. Increasing chlorophyll
concentration causes broadening of the major chlorophyll absorption feature around 675 nm and
thus causes a shift in the inflection point towards longer wavelengths.67–71 On the other hand,
vegetation stress (e.g., the presence of heavy metals in the soil) might cause a shift in the inflec-
tion point to shorter wavelengths.72 Therefore we also included REP (described in 4.3.1) in the
further statistics, as it can serve as an indicator of the vegetation stress.42,71,73,74

The PRI was originally defined by Ref. 43 and proposed as an indicator of the de-epoxidation
of the carotenoids—xanthophyll pigments; they are related to light-absorption mechanisms and
closely linked with light use efficiency and carbon dioxide uptake;43,75 and Refs. 76 and 77
propose to use this index as an indicator of water stress.

The SIPI was designed by Ref. 44 to maximize the sensitivity of the index to the ratio of bulk
carotenoids to chlorophyll while decreasing sensitivity in the canopy structure. Due to the rela-
tive low dynamic range of the SIPI values, we used its exponential transformation (expSIPI) in
further analysis.

We must emphasize that, except for the canopy chlorophyll content, none of these indices
give direct quantitative information on any particular vegetation biochemical parameter. Instead,
they are intended to map only relative amounts, which can be further interpreted in terms of the
condition of the ecosystem.

The statistical relationship between the estimated canopy chlorophyll content and the selected
indicators (e.g., REP, PRI, and SIPI) was assessed (Fig. 7). We found that the value of PRI did not
change much for the Norway spruce in the entire area of interest and thus didn’t show high enough
variability. In addition, the direct relationship of PRI to the chlorophyll content was also relatively
weak. Therefore we decided to exclude the PRI index from further investigations.

The values of the three selected indices were transformed into standardized z-scores (Table 7)
to ensure their comparability and independence of their physical dimensions (units).

Z-scores generally express how far from the mean the particular value is in terms of the
standard deviations (σ). Two products were created using the obtained normalized z-score

Table 6 Validation dataset: Validation of the total canopy chlorophyll content retrieved from the
HyMap image data. Root mean square error (RMSE), Rv2—coefficient of determination of the
predicted versus measured values of the chlorophyll content.

Spectral indicator RMSE (mg∕g) Rv2

NDVI705 0.2278 0.8960

VOG 0.2269 0.9340

REP 0.3840 0.9050

CADAC543−760 0.3395 0.9114

SMR spectral derivative model(D632, D661, D544) 0.7962 1 ⋅ 10−5

continuum removal BD normalization model (RCRnorm705) 0.2832 0.9328

D718∕D704 0.2055 0.9370

D718∕D747 0.2456 0.9880

N690 0.4305 0.8254

N704 0.2833 0.9293

N718 0.2664 0.9440

N733 0.2736 0.9905
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values. First the map of chlorophyll content was classified into five classes defined by the
following threshold values (Fig. 8):

Class 1: values < mean − 1.0σ
Class 2: mean − 1.0σ < values < mean − 0.5σ
Class 3: mean − 0.5σ < values < meanþ 0.5σ
Class 4: mean − 0.5σ < values < meanþ 1.0σ;
Class 5: values > meanþ 1.0σ.

In addition to the classified chlorophyll content map, we created another raster product that
combined the information from both indicators REP and expSIPI. REP has the same directly
proportional relationship with the vegetation health as the chlorophyll content, and REP was
therefore classified identically. On the other hand, expSIPI needed to be classified in the reverse
order as the higher values reflect higher carotenoid-to-chlorophyll contents and thus worse vege-
tation health (in this case Class 1 was calculate as values > meanþ 1.0σ; : : : ; Class 5 as
values < mean − 1.0σ). To create the final raster combining the information from REP and
expSIPI, they were both summarized and one raster ranging from 2 to 10 was obtained.
These values were finally linearly reclassified into the 1 to 5 range to make this output compar-
able with the Cab raster (Fig. 9). As a result, in both maps (Cab and REPþ exp SIPI) the Class 1
indicates worse health status for the trees without visible damage symptoms and Class 5 repre-
sents the values indicating the healthiest trees.

Fig. 7 The selected indicator variability within the studied test sites/groups of trees. Cab—content
of chlorophyll aþ b, REP—position of the inflection point of the spectral curve in the red-edge part
of the spectrum; photochemical reflectance index (PRI); structure insensitive pigment index (SIPI);
A through J , 10 groups of five sampled trees.

Table 7 Threshold values of selected indicators used for the further health status assessment.
Mean (μ) and standard deviation (σ).

Health status indicator −1.0σ −0.5σ þ0.5σ þ1.0σ μ

Cab [mg∕g] 1.914 2.219 2.828 3.132 2.523

REP [nm] 715.508 716.107 717.306 717.905 716.706

expSIPI 2.683 2.724 2.806 2.847 2.765
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5 Results and Discussion

5.1 Validation and Prediction of the Canopy Chlorophyll Content (Cab)

In both multivariate approaches, the SMR spectral derivative and the continuum removal
BD normalization models, the null hypothesis was tested employing SMR. As a result, three
different derivative variables (the derivative of the bands with central wavelengths 632, 661, and
544 nm) and only one normalized band (RCRnorm705) passed this test and where further used
(Table 5).

Using the training dataset (A, C, D, F, G, and I), we obtained the models that all attained rxy
high enough to pass the initial t-test (Table 5).

For the validation dataset (groups B, E, H, and J), the statistical parameters, Rv2 and RMSE
(Table 6), were used to test how well the linear models can predict the chlorophyll content, and
the image average values were compared with the average values of the chlorophyll content
obtained in the laboratory (ground truth).

In general, we obtained rather high coefficients of determination for the linear models
calculated between the tested spectral indices and the ground truth dataset (canopy chlorophyll
content) on both the training and the validation datasets (R2, Rv2). These results confirmed the
assumption of a strong dependence between the selected spectral indicators and the canopy

Fig. 8 Scheme showing how the suggested statistical method was constructed. The z-normalized
values of all three selected indicators are classified into Classes 1 through 5 using the standard
deviation (σ) classification method. The studied groups of trees (A through J) are projected on an
absolute scale for each indicator. The colors correspond with the locations of the studied groups
of trees (green A, B ¼ Erika; orange C, D, E ¼ Habartov; blue H, G ¼ Mezihorská; and red I,
J ¼ Studenec).Cab—content of chlorophyll aþ b, REP—Position of the inflection point of spectral
curve in red-edge part of spectrum, expSIPI—exponentially transformed structure insensitive
pigment index.
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chlorophyll contents. The scatterplots between ground (laboratory) chlorophyll content value
and selected image derived spectral indices are shown in Fig. 10.

For the training dataset (Table 5), the highest correlation coefficients (strongest linear rela-
tionship) were obtained for the normalized reflectance (N718) and the derivative ratio
(D718∕D704) models. The weakest correlation was found for the NDVI705 index. The strong
negative correlations between the canopy chlorophyll content and the normalized reflectances
(N690, N704, N718, and N733) are in accordance with the theoretical background. The higher the
chlorophyll concentration, the higher is the absorption of radiation and the lower is the observed
reflectance. SMR analysis found a valid result only for the multiple linear regression of spectral
derivatives. For this particular case, we were able to calculate only the partial correlation coeffi-
cients between each independent variable (spectral index) and the dependent variable chloro-
phyll content (chlorophyll content). Therefore the general coefficient (rxy) was not defined
for this model.

Comparing R2 (Table 5) to RMSE (Table 6) indicates that the model exhibiting the highest R2

does not necessarily give the best result. This can be demonstrated on the example of the multiple
linear model calculated from the spectral derivatives. Despite the very high value of
R2ðR2 ¼ 0.99998Þ, the model has the highest RMSE (RMSE ¼ 0.7962 mg∕g, relative
RMSE ¼ 32%). We assume this is due to the rather high noise level, which was multiplied
by calculating the first derivatives from the image spectrum.

The variability and the dynamic range of the predicted values for the chlorophyll contents
were compared with the ground truth dataset using box plot diagrams. The box plots constructed
for the predicted Cab values (D718∕D708) and the ground truth Cab data (Fig. 11) exhibit good
agreement for the Studenec and Erika sites. In contrast, a worse match was found for the Mezi-
horská test site, where extremely high variability of the predicted values can be observed. This
can be explained by the low radiometric quality of the HyMap line (line No. 9) where the site is
located. This particular line No. 9 suffers from a very high noise level compared with the other
HyMap lines acquired in 2009 (see Chap. 3, Table 2, Fig. 2).

Fig. 9 Statistical classification of the Norway spruce health status by integrating the Cab, REP,
and expSIPI. E ¼ Erika; H ¼ Habartov;M ¼ Mezihorská; S ¼ Studenec study sites; A through J ;
10 defined tree groups. Color scale 1 through 5—health status classes for the trees without visible
damage symptoms; 1 ¼ the worst and 5 ¼ the best result (see Fig. 8).
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The best result taking in account R2, Rv2, and RMSE was obtained using the model based on
the D718∕D708 ratios (R2 ¼ 0.9131, Rv2 ¼ 0.9370, RMSE ¼ 0.2055 mg∕g, and relative
RMSE ¼ 8%). Therefore the D718∕D708 model was applied to the all HyMap image data
(lines 1 through 9) to retrieve the map of the canopy chlorophyll content (Fig. 12). This output
was further used to assess the canopy health status.

Fig. 10 Scatterplots between ground (laboratory) measured chlorophyll content and selected
image derived hyperspectral indices.

Fig. 11 Box plots of the measured (ground truth) and the predicted (HyMap) canopy chlorophyll
contents for the derivative ratio index (D718∕D708—content of chlorophyll aþ b (g of pigment
related to dry mass).
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5.2 Assessment of the Norway Spruce Health Status

Two statistical scenarios, Cab and REPþ exp SIPI, were tested to assess and classify the Norway
spruce health status (see Chap. 4.5). Both scenarios were applied to all the pixels classified as
homogenous Norway spruce forest in the HyMap image data (lines 1 through 9) (Fig. 9).

In both cases, Cab and REPþ exp SIPI, the frequency histograms (Figs. 13 and 14) show
rather symmetrical distribution that is close to the Gaussian normal distribution. However, the
histograms computed for each test site (Erika, Habartov, Mezihorská, and Studenec) show sig-
nificant asymmetries. At the Erika site, we can identify slight asymmetry toward the higher-class
values, indicating the higher frequencies of average and above-average values. On the other
hand, for the Habartov site we can observe slight asymmetry toward the lower-class numbers,
indicating the higher frequencies of average and below-average values. For the Mezihorská site,
a very strong asymmetry can be observed. The majority (almost 75%) of the pixels were clas-
sified into the Classes 1 and 2, while Classes 4 and 5 have very low frequencies. The opposite
situation can be observed for the Studenec site, where a strong asymmetry toward the high
classes can be observed.

Comparing the two tested classification scenarios (Cab and REPþ exp SIPI), the Cab method
shows higher data variability. The Cab scenario has higher frequencies of extreme values (Class 1
and Class 5) in contrast with the REPþ exp SIPI scenario, where the values are more frequently
classified in the average Class 3. This can be explained by the higher variability of the Cab values
compared with the expSIPI values.

The laboratory analysis of the Norway spruce needles, collected during the project described
in Ref. 61, indicated that higher needle chlorophyll content is not automatically connected with a
better health status. Therefore the chlorophyll content itself cannot be the only indicator of
damage to the Norway spruce. To take in account this fact, the expSIPI index was used as a
correcting factor in the selected model. If the Norway spruce stands have very high Cab and
REP values, and the expSIPI values don’t indicate any health damage, the pixels fall into average
Class 3 instead of being classified in Class 4 or 5.

All the studied sites exhibited soil solution pH values under 3.5 (Table 8), which correspond
to low pH threshold for forest soils in the Czech Republic.46 We assume that soil acidity is the

Fig. 12 Map of the Norway spruce canopy chlorophyll content derived by applying the D718∕D704

regression model. E ¼ Erika; H ¼ Habartov; M ¼ Mezihorská; S ¼ Studenec. Cab—content of
chlorophyll aþ b (mg of pigment related to dry mass); A through J—10 groups of five sampled
trees.
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Fig. 13 Relative frequencies (%) of the Norway spruce health status classes obtained for the Cab

classification scenario. The entire Sokolov lignite basin area (top) and the individual sites Erika,
Habartov, Mezihorská, and Studenec (below).

Fig. 14 Relative frequencies (%) of the Norway spruce health status classes obtained by the sta-
tistical scenario REPþ expSIPI. The entire Sokolov lignite basin area (top) and the individual sites
Erika, Habartov, Mezihorská, and Studenec (below).
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main stress factor in the studied locality. This finding is supported by the fact that Central Europe
and Denmark were considered to be the areas with the highest exceeding of limits for soil
acidification indicators, pH and base cations-to-Al ratios in 2010.79 Soil conditions, especially
nutrient availability and balance, determine the physiological status of forest trees. Nutrient
imbalances and deficiencies may result in increased susceptibility to a number of stress factors,
such as weather extremes or pest invasions.79 Thus determination of the health status of trees
should include evaluation of numerous parameters and should also take into account other fac-
tors such as soil pH and the base cations-to-Al ratios, used to estimate the risk of damage to the
vegetation from acidified soil (ICP Forests Executive Report, 2010). High values of the organic
horizon C∶N ratios (above 22) also imply the possibility of lower nitrification11 and thus slower
nutrient turnover or misbalance.

6 Conclusions

According to the ICP Forest methodologies, the main indicators for forest health assessment at
Level I consists in evaluation of crown defoliation and foliage discoloration; however several
limitations of these indicators have been discussed recently.6 Although the chlorophyll content
could serve as a relevant quantitative forest health indicator, it is not included either in the foliage
chemistry indicators of the ICP Forest manual80 or in the US Forest Service’s Forest Inventory
and Analysis program.81 This could be explained by the fact that large-scale assessment of the
chlorophyll content could be problematic due to laboriousness and high costs of the needle sam-
pling and biochemical analyses. At the present time, hyperspectral technologies provide an
opportunity to retrieve a reliable continuous chlorophyll model while requiring only a reasonable
number of samples.

Although the chlorophyll content in foliage is quite often declared to be an indicator of plant
physiological status,82 the uniform classification of chlorophyll contents for Norway spruce nee-
dles is not yet very well established. To date, no fixed threshold values of needle chlorophyll
content for determination exact classes of forest health status exists. The actual chlorophyll con-
tent in the needles of coniferous trees depends on the local and microclimatic conditions, includ-
ing geographical factors such as latitude and altitude.83 Particularly the altitude correspond with
a combination of several environmental factors, such as irradiance,17,18 temperature, water, and
nutrient availability, which are all factors that influence the chlorophyll content in foliage.83,84

Oleksyn et al.83 reported that seedlings of high-altitude Norway spruce populations in colder
regions contained higher chlorophyll concentrations in needles than trees at low elevations.
According to Ref. 85, the chlorophyll content in needles of healthy mature (60 years and
older) Norway spruce (altitude 840 m) ranges between 2.2 to 2.7 mg per gram of dry mass
and other authors state even higher chlorophyll contents: 3.21±0.30 mg per gram of dry
mass (altitude 400 m)62 or 4.30±1.06 mg per gram of dry mass (altitude 700 m).86 Therefore

Table 8 The soil solution pH (in KCl) and C∶N ratio for the two organic top horizons. One-way
ANOVA.

Site

pH (KCl) C∶N ratio

Upper
horizons

Lower
horizons

Both
horizons

Upper
horizons

Lower
horizons

Both
horizons

Erika 2.55bb 2.50d b 2.53d b 28.06aca 27.10ns 28.40ns

Habartov 3.18ad b 3.43ab 3.31ab 26.68ba 31.80ns 29.24ns

Mezihorská 2.87cb 2.76cb 2.81cb 28.65abca 27.24ns 27.65ns

Studenec 3.33ab 2.99bb 3.16bb 29.70aa 26.80ns 27.73ns

Different letters indicate significant differences between sites according to Tukey-Krammer multiple
comparison test78
aSignificant difference at 0.05.
bSignificant difference at 0.01.
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it is necessary in each case to adjust the threshold values of the chlorophyll content to local
conditions. We assume that our model could be applied to other spruce or coniferous species,
but at least minimal ground truth calibration and laboratory analyses of pigment contents are
advisable. It appears that local environmental conditions affect the chlorophyll content even
more strongly than the difference between two spruce species. According to Barsi et al.,84

the difference in chlorophyll content in needles of early succession black spruce (1.6 mg
per gram of dry mass) and late succession red spruce (1.44 mg per gram of dry mass), both
grown under the same controlled conditions, was on average only 10%.

We evaluated the numerous approaches to determine the chlorophyll content empirically. The
individual models were statistically assessed using the ground truth training/validation datasets
and the best model based on the spectral derivative ratio (D718∕D704, RMSE ¼ 0.2055 mg∕g,
R2 ¼ 0.9370) was chosen to estimate the chlorophyll (Cab) content for the Norway spruce spe-
cies using the HyMap multiflight line data. Then we developed a new statistical method to assess
the physiological status of macroscopically undamaged foliage of Norway spruce. As the chlor-
ophyll content alone may not correspond sufficiently well to the physiological/health status, the
suggested method utilizes three indicators (Cab, REP, expSIPI). Thus the suggested method takes
in account the two major biochemical parameters that are closely connected with photosynthetic
functions (chlorophylls and carotenoids), and it allows assessing of the vegetation stress in a
more objective way.

Based on our z-score classification of the needle chlorophyll content, the medium health
status class of trees lacking visible damage symptoms (Class 3, chlorophyll content 2.22 to
2.83 mg per gram dry mass) corresponds well with the chlorophyll values reported by
Ref. 84. This accordance suggests the possibility of the general applicability of our model
after further testing and validation.
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